Productive intercellular delivery of cargo by secretory systems requires exquisite temporal and spatial choreography. Our laboratory has demonstrated that the haemolysin co-regulated secretion island I (HSI-I)-encoded type VI secretion system (H1-T6SS) of Pseudomonas aeruginosa transfers effector proteins to other bacterial cells. The activity of these effectors requires cell contact-dependent delivery by the secretion apparatus, and thus their export is highly repressed under planktonic growth conditions. Here we define regulatory pathways that orchestrate efficient secretion by this system. We identified a T6S-associated protein, TagF, as a posttranslational repressor of the H1-T6SS. Strains activated by TagF derepression or stimulated through a previously identified threonine phosphorylation pathway (TPP) share the property of secretory ATPase recruitment to the T6S apparatus, yet display different effector output levels and genetic requirements for their export. We also found that these two pathways respond to distinct stimuli; we identified surface growth as a physiological cue that activates the H1-T6SS exclusively through the TPP. Coordination of posttranslational triggering with cell contact-promoting growth conditions provides a mechanism for the T6SS to avoid wasteful release of effectors.
Introduction
In Gram-negative bacteria six secretion systems (types I-VI) have been identified, with specialized functions ranging from general cellular maintenance and physiology to host and bacterial cell interactions (Economou et al., 2006) . The type VI secretion system (T6SS) is found broadly among the Proteobacteria, including many important environmental and human-associated taxa (Schwarz et al., 2010a) . These systems are encoded by gene clusters composed of 13 conserved genes (type six secretion, tss), and additional accessory genes (type VI secretion associated gene, tag) that vary in number and content (Boyer et al., 2009) . Core components of the T6SS include ClpV, a AAA+ family ATPase, TssM, a homologue of the type IV secretion protein IcmF, and VgrG (valine glycine rich G) and Hcp (haemolysin co-regulated protein), two extracellular structural proteins (Bingle et al., 2008; Cascales, 2008; Aschtgen et al., 2010) . Interestingly, several conserved components of the T6SS share sequence and structural similarity to bacteriophage tail and baseplate proteins (Mougous et al., 2006; Kanamaru, 2009; Leiman et al., 2009; Pell et al., 2009) . Based on this relatedness, the system has been proposed to function as an outwardfacing puncturing device at the surface of the cell.
The T6SS has been implicated in diverse processes including host-cell interactions (Shalom et al., 2007; Ma et al., 2009) , biofilm formation (Aschtgen et al., 2008) and gene regulation (Weber et al., 2009; Jani and Cotter, 2010) . Recent studies indicate that the T6SS plays a critical role in interbacterial interactions (Schwarz et al., 2010a) . This was first reported in Pseudomonas aeruginosa, where it was observed that Hcp secretion island I (HSI-I)-encoded T6SS (H1-T6SS)-dependent export of a toxin, Tse2, can provide a fitness advantage to the organism when cultivated in direct contact with another P. aeruginosa strain lacking a Tse2-specific immunity protein, Tsi2 (Hood et al., 2010) . Antibacterial activity has also been attributed to T6SSs of Burkholderia thailandensis, Serratia marcescens and Vibrio cholerae; however, in these instances the effector proteins involved have not been identified (MacIntyre et al., 2010; Schwarz et al., 2010b; Murdoch et al., 2011) .
Like other specialized secretion systems, expression of T6S and export of its effectors are stringently regulated (Bernard et al., 2010) . For the H1-T6SS of P. aeruginosa, regulation at the transcriptional, posttranscriptional, and posttranslational levels has been studied. The system is transcriptionally repressed by the quorum sensing regulator, LasR (Lesic et al., 2009) . The binding of LasR to HSI-I promoters has not been shown, leaving the mechanism of repression unknown. Regulation of the H1-T6SS at the posttranscriptional level is governed by the RNAbinding protein RsmA (Goodman et al., 2004; ). The Rsm pathway appears to coordinate reciprocal regulation of factors important for planktonic and sessile modes of P. aeruginosa growth (Goodman et al., 2004; Yahr and Greenberg, 2004; Burrowes et al., 2006; . Consistent with the requirement for long-term cell contact in T6S-dependent effector delivery between cells, the system was found to be co-regulated by RsmA with factors required for adhesion between cells and to surfaces (Goodman et al., 2004; Ventre et al., 2006; Mougous et al., 2006; ). Furthermore, P. aeruginosa T6S proteins are abundantly produced in biofilms relative to planktonic culture (Sauer et al., 2002; Zhang et al., 2011) .
Our laboratory has found that the H1-T6SS is posttranslationally triggered by a threonine phosphorylation pathway (TPP) (Kulasekara and Miller, 2007; Mougous et al., 2007) . Stimulation of the TPP results in export of extracellular structural components of the apparatus, including Hcp1, VgrG1, VgrG4 and substrates, including type VI secretion exported 1-3 (Tse1-3) (Hood et al., 2010) . At least four proteins, TagR, PpkA, PppA and Fha1, all encoded within HSI-I, participate in the TPP. According to our current model, the H1-T6SS becomes activated by dimerization of PpkA, a membrane-spanning Hanks-type serine/threonine kinase. The environmental cue responsible for inducing PpkA dimerization is unknown; however, TagR, a periplasmic protein, functions upstream of PpkA and promotes activation of the kinase (Hsu et al., 2009) . Dimerization of PpkA leads to autophosphorylation, which recruits Fha1 through interactions between the phosphorylated activation loop of the kinase and the Forkheadassociated (FHA) domain of Fha1. Fha1 associated with activated PpkA is phosphorylated by the kinase at Thr 362 (p-Fha1), in turn promoting H1-T6SS activation by an unknown mechanism (Mougous et al., 2007) . Fha1 resides in a complex with ClpV1, suggesting the possibility that recruitment of the ATPase to the apparatus could underlie activation. A PP2C family protein phosphatase, PppA, acts as an antagonist of the TPP by dephosphorylating Fha1, and, possibly, PpkA. Deletion of pppA results in constitutive secretion of Hcp1, VgrG1, VgrG4 and Tse1-3.
The genes encoding known TPP components are found in a putative HSI-I operon that also contains four conserved T6S genes (tssJ1, K1, L1, M1) and four uncharacterized tag genes (tagQ, S, T, F) (Fig. 1A) . Sequence analysis of the tag genes indicates that tagS and tagT encode proteins with homology to lipoprotein transport and sorting components, LolE and LolD, respectively (Narita and Tokuda, 2006) . The tagQ gene encodes a predicted outer membrane lipoprotein, and tagF, encodes a predicted cytoplasmic protein of unknown function.
In this study, we sought to define additional regulatory elements of the H1-T6SS. Based on the proximity of tagQ, S, T and F to genes encoding known posttranslational regulators of the system, and their variability amongst other T6SSs, we hypothesized that these genes also encode H1-T6SS regulators. In the course of our analyses, we identified TagF as a posttranslational regulatory protein that represses the activation of the H1-T6SS by a mechanism distinct from the TPP. Inactivation of tagF triggers Hcp1 secretion to levels observed in DpppA; however, effector secretion is dampened in DtagF relative to a strain lacking pppA. Also, TagF regulates the activity of the H1-T6SS in a manner that does not require p-Fha1, PpkA or other Tag proteins. Despite these differences, both the TPP-and TagF-mediated activation pathways require Fha1 and recruit ClpV1 to the secretion apparatus. We also investigated the physiological significance of posttranslational regulation of the H1-T6SS. Interestingly, we discovered that the H1-T6SS is activated when P. aeruginosa is grown on a surface. This occurs via the TPP, as it requires PpkA and involves increased p-Fha1 levels.
Results

H1-T6SS activity is negatively regulated by TagF
In the course of our efforts to define the function of HSI-I genes, we noted that the putative HSI-I operon encoding PpkA, PppA, Fha1 and TagR, which constitute all known components of the TPP, also encodes additional nonconserved Tag proteins (TagQ, PA0070; TagS, PA0072; TagT, PA0073; TagF, PA0076) (Fig. 1A) . Based on their genomic context and lack of conservation in other T6SSs (Boyer et al., 2009) , we hypothesized that these genes also encode regulators of the H1-T6SS. To ascertain their role in regulating H1-T6SS activity, we introduced individual in-frame deletions of tagQ, S, T and F into P. aeruginosa hcp1-V, and monitored the effect on Hcp1 secretion. This strain contains a chromosomal fusion of hcp1 to the vesicular stomatitis virus G protein (VSV-G) epitope tag (hcp1-V) (Mougous et al., 2006) . We also introduced deletions with known effects on Hcp1 secretion (DtagR, DppkA, DpppA or DtssM1) into this genetic background as controls (Mougous et al., 2006; Hsu et al., 2009) . Consistent with earlier findings, DpppA displayed high levels of Hcp1 secretion, whereas secretion from DtagR, DppkA and DtssM1 did not exceed the wildtype (Fig. 1B) . Interestingly, Hcp1 secretion from DtagF was increased relative to the wild-type strain. Deletions in tagQ, S and T did not induce Hcp1 export, and none of the mutations significantly influenced cellular Hcp1 levels.
Hcp1 is considered a structural component of the T6SS; therefore, secretion of the protein is not necessarily indicative of an activated system. As an additional measure of H1-T6SS activation, we probed the effects of the same panel of deletions on the secretion of Tse1, a previously identified effector protein (Hood et al., 2010) . While we observed reproducibly lower levels of secreted Tse1 from DtagF than from DpppA (discussed below), the strains showed a similar trend as that observed for Hcp1 secretion, suggesting that a tagF deletion results in constitutive activation of the H1-T6SS (Fig. 1C) . Based on these data, we sought to further define the role of tagF in T6S regulation.
TagF posttranslationally represses the H1-T6SS
The tagF open reading frame (ORF) is located immediately upstream of pppA in the genome of P. aeruginosa (Fig. 1A) . To verify that the secretion phenotype of DtagF is not due to polar effects on pppA or other downstream genes, we genetically complemented the strain using an ectopic expression plasmid. Western blot analyses demonstrated that tagF expression returns secretion of Hcp1 and Tse1 to parental levels in the DtagF background ( Fig. 2A) . We further confirmed that Hcp1 and Tse1 export in DtagF occurs in a T6S-dependent manner. The deletion of clpV1 in the DtagF background abrogated secretion of Hcp1 and Tse1 (Mougous et al., 2006; Bonemann et al., 2009) . Secretion of both proteins was restored by genetic complementation of the clpV1 gene (Fig. 2B) .
Possible explanations for the influence of TagF on Hcp1 and Tse1 export by the H1-T6SS apparatus include changes in the expression levels of these proteins, translational or transcriptional induction of the secretion apparatus as a whole, and posttranslational activation of the secretory apparatus. Overall levels of Hcp1 and Tse1 were unaltered in DtagF (Fig. 1B and C) , suggesting that increased expression of these proteins does not underlie the secretion phenotype observed. To investigate whether TagF imparts a general influence on T6S expression levels, we used translational lacZ fusion reporters to fha1 and tssA1 -located immediately downstream of previously identified HSI-I promoters ). Inactivation of tagF did not influence the activities of these reporters; however, as described previously, both were strongly induced in a strain lacking a repressor of the Rsm pathway (RetS) (Fig. 2C and D ) . From these data we conclude that TagF represses activation of the H1-T6SS on the posttranslational level.
TagF mediates activation of the H1-T6SS independently of p-Fha1
Next we considered whether TagF regulates the H1-T6SS via the TPP or independently of this pathway. Several lines of evidence suggest that TagF acts through the TPP. TagF orthologues are not located outside of T6S gene clusters, and within these clusters the gene is often found in a subgroup of locally syntenic genes that also includes orthologues of ppkA and pppA (Fig. S1 ). Furthermore, in several instances, including the T6S gene clusters of Agrobacterium tumefaciens, Nitrococcus mobilis and Rhizobium leguminosarum, tagF and pppA orthologues appear fused, thereby generating one ORF with apparent dual function (Fig. S1 ). Such fusion events are enriched among genes encoding interacting proteins or proteins participating in common pathways (Enright et al., 1999; Skrabanek et al., 2008) . However, there is also strong genomic-based evidence arguing against TagF participation in the TPP. Most notably, tagF orthologues are sometimes present in T6S clusters lacking TPP components, including fha1 (Fig. S1) .
Previous reports have shown that elevated levels of p-Fha1 lead to posttranslational activation of the H1-T6SS. Therefore, we postulated that if TagF directs activation of the H1-T6SS through the TPP, p-Fha1 levels might be elevated in a DtagF strain. To test this, we took advantage of an established SDS-PAGE mobility-based assay for monitoring p-Fha1 levels in P. aeruginosa (Mougous et al., 2007) . Our analyses indicate that, unlike DpppA, the DtagF strain does not possess p-Fha1 levels above those of the parental strain (Fig. 3A) .
Based on our finding that p-Fha1 levels are unaffected by tagF deletion, we tested the hypothesis that TagF acts independently of the TPP, and thus, p-Fha1 should be dispensable in DtagF. We observed that fha1 deletion in the DtagF background inactivates the H1-T6SS as judged by Hcp1 secretion (Fig. 3B ). This implies either that Fha1 must be phosphorylated at a basal level for TagFmediated activation or that it functions in an important capacity independent of its phosphorylation. The latter is supported by genomic analyses, which indicate that one quarter of T6S gene clusters containing fha1 orthologues do not encode identifiable kinase or phosphatase genes (Boyer et al., 2009) . To distinguish between the two possibilities, we conducted Dfha1 genetic complementation studies in the DtagF and DpppA backgrounds with wildtype fha1 or an allele encoding non-phosphorylatable Fha1 (fha1 T362A). Wild-type fha1 restored secretion apparatus function in both backgrounds; however, only DtagF Dfha1 was functional when complemented with fha1T362A ( Fig. 3B) . Together, these data conclusively demonstrate that Fha1 performs an important function in the T6SS C and D. HSI-I expression is not altered by the deletion of tagF. b-galactosidase activity was measured from the indicated P. aeruginosa strains carrying a chromosomally encoded lacZ translational fusion to fha1 (C) or tssA1 (D) . Genes involved in the production of the Pel and Psl polysaccharides were deleted in the DretS background to prevent cell clumping during growth (Ryder et al., 2007; Colvin et al., 2011) . Error bars represent standard deviation based on three independent replicates. Asterisks indicate statistically significant (P < 0.001) differences between DretS DpelA DpslD and wild-type or DtagF as determined by one-way ANOVA and Tukey's post hoc tests.
independent of its phosphorylation state, and that TagF activation of the H1-T6SS proceeds independently of p-Fha1.
To further probe the relationship between TagF-and TPP-mediated T6S activation, we conducted epistasis experiments monitoring Hcp1 and Tse1 secretion. Immediately upstream of Fha1 in the TPP is PpkA, which catalyses Fha1 phosphorylation and is essential for T6S-apparatus assembly in a constitutively active background (DpppA) (Hsu et al., 2009 ). While ppkA is essential for Hcp1 and Tse1 secretion in the DpppA background, we found that the gene is dispensable for these functions in DtagF (Fig. 3C ). Further upstream of PpkA in the TPP is TagR. This protein appears to regulate the kinase, as inactivation of tagR decreases p-Fha1 levels, and ectopic expression of PpkA overrides the requirement for tagR in H1-T6SS activation (Hsu et al., 2009) . Three additional tag genes flank tagR (tagQ, S and T), and have been postulated to also participate in the TPP. Remarkably, deletion of the four tag genes in conjunction with deletions of ppkA and pppA did not influence Tse1 or Hcp1 secretion via the H1-T6SS in the DtagF background. In contrast, the H1-T6SS failed to export these proteins when tagF was present in this background (Fig. 3D) . Together, these data show that the tagF deletion is epistatic to deletions in genes encoding the TPP core component PpkA and the TPP positive regulatory protein TagR. This suggests that TagF represses activation of the H1-T6SS by acting independently of the TPP. The role of tagQ, S and T remains unknown; however, our results show that these genes also encode proteins that are dispensable for H1-T6SS effector secretion in a P. aeruginosa background lacking tagF.
The TagF-and TPP-mediated pathways differentially influence Hcp1 and Tse1 secretion
The finding that a deletion in tagF alleviates the requirement for ppkA suggests that TagF acts either downstream or independently of the TPP. To investigate this, we conducted quantitative analyses comparing Hcp1 and Tse1 secretion from strains with H1-T6S derepressed in either of the pathways (DtagF or DpppA) or both (DtagF DpppA). Only if the pathways act independently or partially independently would we anticipate observing additive or synergistic effects on secretion. Surprisingly, we found that the double deletion of pppA and tagF had differential effects on Hcp1 and Tse1 secretion relative to the single deletion strains. Levels of secreted Hcp1 were similar in the three deletion strains, whereas the deletion of the regulators influenced Tse1 export in an additive fashion (Fig. 4) . The observation that one output of the pathways Fig. 3 . TagF- -effector secretion -is induced additively upon their activation suggests that TagF does not act purely by repressing downstream of the TPP. Furthermore, our quantitative analyses proved consistent with our qualitative observation that more Tse1 is exported by DpppA than DtagF ( Figs 1C and 2A) . This is noteworthy, as this difference in output is also inconsistent with a simple epistatic relationship between the pathways.
The TPP-and TagF-mediated activation pathways converge on ClpV1 recruitment
Using fluorescence microscopy (FM), our laboratory previously demonstrated that a chromosomally encoded functional green fluorescent protein fusion to the H1-T6SS ATPase ClpV1 (ClpV1-GFP) is recruited to secretion foci in the cell upon activation of the apparatus via p-Fha1 (Mougous et al., 2007) . The formation of these foci is thought to reflect maturation of the secretion system, as their presence and intensity correlates with the level of secreted Hcp1 and deletion of essential apparatus components results in their dissolution. Notably, while recruitment of ClpV1 to the H1-T6S apparatus is enhanced by Fha1 phosphorylation, the physical interaction between these proteins is phosphorylation independent (Hsu et al., 2009) . Thus, we reasoned that if TagFmediated activation converges on the TPP downstream of p-Fha1, ClpV1 recruitment to the H1-T6S-apparatus should also be observed in the DtagF strain. To test this hypothesis, we introduced clpV1-gfp to the DtagF background and examined the strain by FM. The absence of tagF promoted ClpV1-GFP recruitment to an extent similar to that observed in the DpppA control, and ectopic expression of tagF in the DtagF background fully complemented the phenotype (Fig. 5) . The formation of these foci required ppkA in the DpppA background, but not the DtagF background. This mirrors the requirement for ppkA with regard to Tse1 and Hcp1 secretion in these two backgrounds, and thereby lends further credence to the hypothesis that visualization of ClpV1-GFP foci is a surrogate marker for assembly of an active secretory apparatus ( Fig. 5) (Mougous et al., 2006; . Further consistent with the functional significance of ClpV1-GFP foci, we found that a strain lacking both pppA and tagF displays higher levels of ClpV1-GFP foci than those with individual deletions in these genes. Therefore, ClpV1 recruitment to foci is proportional to effector export from these strains. Differences in the number of ClpV1-GFP foci-positive cells among the strains were not due to altered levels of the ClpV1 protein (Fig. S2) . Based on these data, we conclude that TagF-and TPP-mediated T6S activation share a convergence in mechanism at the level of ClpV1-GFP recruitment to the secretion apparatus. Interestingly, previous work from our laboratory had led us to conclude that PpkA is an essential structural component of the H1-T6SS (Hsu et al., 2009) . Our current work clearly indicates that the structural requirement for PpkA is conditional on TagF. This in part reconciles the observation that PpkA orthologues are absent from the majority of identified T6SSs (Mougous et al., 2007) .
The H1-T6SS is activated by surface growth
The H1-T6SS efficiently targets Tse2 to other P. aeruginosa cells. If recipient cells lack the Tse2-specific immunity protein, Tsi2, their fitness is decreased relative to donors actively exporting Tse2 through a functional H1-T6S apparatus (Hood et al., 2010) . Here, we used the self-targeting capability of the H1-T6SS as a means to probe the functional consequences of mutations that posttranslationally activate the H1-T6SS (DpppA and DtagF).
The influence of regulatory mutations on intercellular effector targeting by the H1-T6SS was assessed by measuring the fitness of donor strains competed against a susceptible recipient (Dtse2 Dtsi2). Interbacterial transfer of effectors by the T6SS requires intimate cell contact; therefore, competition assays were performed between strains co-inoculated on a solid growth substrate. When competed in this manner, the parental donor strain displayed a 3.2-fold fitness advantage relative to the recipient. This effect was T6S-dependent, as the deletion of clpV1 in the donor strain negatively impacted its fitness advantage. Donor strains lacking pppA or tagF showed a fitness advantage comparable to the parental. All strains displayed equal fitness when cultivated in liquid media, consistent with the known requirement for intimate cell contact in T6S-dependent fitness changes (Fig. 6A ) (Hood et al., 2010; Schwarz et al., 2010b) .
The finding that DpppA and DtagF did not increase T6S-dependent fitness of P. aeruginosa was unexpected, and led us to hypothesize that -unlike in our secretion assays -the apparatus is posttranslationally activated under conditions of the competition experiments. To investigate further the posttranslational activation state of the H1-T6SS under competition assay conditions, we probed the requirement for ppkA in the fitness advantage of DpppA against recipient bacteria. We reasoned that if the TPP is triggered, deletion of the kinase -even in an activated DpppA background -should inactivate the system. However, if TagF-mediated repression was fully relieved (as in DtagF), a strain lacking both ppkA and pppA should remain functional, as was observed in secretion and apparatus assembly assays ( Figs 3D and 5) . Interestingly, the DpppA DppkA strain does not possess a T6S-dependent fitness advantage over recipient bacteria. This is not attributable to inactivation of the apparatus due to the loss of PpkA, as DtagF DppkA retained the full Fig. 5 . ClpV1 recruitment to the H1-T6S-apparatus is triggered by TagF-mediated activation. A. Increased ClpV1-GFP recruitment to the H1-T6S-apparatus is promoted by a tagF deletion and occurs independent of the kinase (DtagF DppkA) as observed by the formation of punctate foci using fluorescence microscopy (indicated by white triangles). The lipophilic dye, TMA-DPH, was used to visualize bacterial membranes. B. Quantitative analysis of ClpV1-GFP foci positive cells in the indicated backgrounds (parental background PAO1 clpV1-gfp). Error bars represent standard deviation based on three independent replicates. Asterisks indicate the number of ClpV1-GFP foci per cell is statistically higher than the parental or lower than DpppA DtagF based on ANOVA and Tukey's post hoc test (P < 0.002).
fitness advantage of the parental strain (Fig. 6A) . In total, these results suggest that the H1-T6SS is activated posttranslationally by the TPP under the conditions of our in vitro growth competition assay.
Next we sought to directly measure the activation state of the H1-T6SS under growth competition assay conditions. We considered three substantive differences between the conditions of our secretion and competition assays that might underlie the apparent change to the activation state of the H1-T6SS: (i) the time period over which the two experiments were conducted (secretion, 4 h; competition, 18 h), (ii) the number of discrete P. aeruginosa genetic backgrounds present, and (iii) propagation in liquid (secretion assay) versus solid (competition assay) media. Multiple lines of evidence indicated that the latter difference was most likely the key determinant of activation of the secretion system under competition conditions. In particular, we noted that all T6SS-dependent interactions observed to date require intimate cell contact. The release of effectors into the milieu is not productive, which is exemplified in the observation that strains bearing mutations leading to strong constitutive activation of the H1-T6SS have no fitness advantage over highly susceptible recipients in liquid cultures (Hood et al., 2010; Russell et al., 2011) . Thus, it is logical that bacteria should repress T6S during planktonic growth and relieve this repression when grown in an environment containing a high density of closely interacting bacteria that could be effectively targeted.
If surface growth is responsible for H1-T6SS posttranslational activation under competition conditions, we would expect to observe changes in substrate secretion and p-Fha1 levels in the wild-type background relative to those observed in liquid secretion assays performed under otherwise similar conditions (see Methods). Densitometry analysis of p-Fha1 levels observed by Western Fig. 6 . The H1-T6SS is posttranslationally activated by the TPP when P. aeruginosa is grown on a surface.
A. Deletions in pppA or tagF do not influence T6S-dependent fitness. Results of growth competition assays conducted on a solid surface (open circles) or in liquid media (filled circles) between the indicated donor strains and a susceptible recipient (Dtse2 Dtsi2). Asterisks indicate a competitive index that is statistically lower than the parental strain based on ANOVA followed by Tukey's post hoc test (P < 0.05). B. p-Fha1 levels are increased when P. aeruginosa is grown on a surface. Arrowheads denote p-Fha1 species. For each strain, the percentage of total Fha1-V in the p-Fha1-V form based on band densitometry is provided. Data are normalized to DppkA. Error provided is standard deviation based on three independent replicates. C. Secretion of Hcp1 by the H1-T6SS is triggered by surface growth. Western blot analysis of secreted and cell-associated Hcp1-V. blot indicated that growth on a surface strongly promotes Fha1 phosphorylation; approximately 20.1% of the protein was phosphorylated after growth on a solid surface, whereas the phosphorylated species was only 4.3% of total Fha1 in liquid grown cells (Fig. 6B) . Enhanced Fha1 phosphorylation incurred during surface growth required PpkA, consistent with our model of posttranslational activation by the TPP.
To probe more directly the activation state of the H1-T6SS during growth on a solid substrate, we measured Hcp1 secretion from surface grown cells. For this experiment, it was necessary to place cells harvested from the substratum into liquid medium for a brief period to allow the accumulation of secreted proteins. H1-T6S-dependent secretion of Hcp1 was greatly increased by surface growth of P. aeruginosa. Indeed, levels of the secreted protein were comparable between parental and constitutively triggered backgrounds (Fig. 6C) . It is noteworthy that the TPP-and TagF-mediated pathways appear to have no role in promoting H1-T6SS activation beyond that observed during surface growth. This finding explains our aforementioned observation that wild-type, DpppA and DtagF strains display equal T6S-dependent fitness (Fig. 6A) . In addition, our finding that DtagF is activated through the TPP during surface growth (p-Fha1 levels equal to wild-type) suggests that the fitness advantage exhibited by this mutant is phenotypically equivalent to DtagF DpppA.
Discussion
The results of our current study lead us to propose a new model of posttranslational activation of the H1-T6SS (Fig. 7) . As in previous models, Fha1 remains a pivotal protein in the activation process. However, it is now clear that ClpV1 recruitment to the apparatus and apparatus activation can occur via Fha1 phosphorylation-dependent (TPP-mediated) and -independent processes (TagFmediated). We propose that distinct inputs received by the cell regulate these two convergent mechanisms of H1-T6SS activation. Our data argue that TPP-dependent activation, which requires PpkA, is stimulated by a cue deriving from the physiological changes encountered during surface growth. On the other hand, phosphorylation-independent activation, which is strongly repressed by TagF and does not require PpkA in any capacity, appears not to occur under such circumstances. One appealing hypothesis is that TagF posttranslational derepression of the H1-T6SS is modulated by sensing of non-P. aeruginosa bacterial species. Our current study was limited to analyses of H1-T6SS activation during intraspecies growth competition experiments (Fig. 6A) . Intriguingly, we note that in addition to the P. aeruginosa H1-T6SS, bacterial cell-targeting T6SSs of B. thailandensis and S. marcescens, appear to utilize TagF proteins. P. aeruginosa and B. thailandensis encode six additional T6SSs -none of which have been impli- Fig. 7 . Model of H1-T6SS posttranslational regulatory pathways. The schematic depicts the interface between P. aeruginosa (donor, blue) and a competing Gram-negative bacterium (recipient, brown). Inner membrane (IM), outer membrane (OM) and periplasm (P) of the cells are shown. Emphasis is given to peptidoglycan (interconnected hexagon chains), the target of Tse1 and Tse3 (Russell et al., 2011) . Based on data from this study and previous studies, we propose two pathways for H1-T6SS-activation. During planktonic growth, the H1-T6S apparatus is not extended (red tube) and Tse1-3 (e1-3) secretion is repressed. Upon surface growth, the TPP is stimulated (right). This leads to PpkA activation, p-Fha1 formation, ClpV1 recruitment, extension of the apparatus (green tube) and effector delivery into recipient bacterial cells. Relevant phosphorylation events are indicated (yellow spheres). The H1-T6SS can also be activated by derepression of TagF through an unknown signal (left). When TagF repression is relieved, non-phosphorylated Fha1 activates the apparatus by a mechanism also involving ClpV1 recruitment. cated in interbacterial interactions. Among these, only one other B. thailandensis T6SS possesses a tagF orthologue (Hood et al., 2010; Schwarz et al., 2010b) . The T6SS of V. cholerae complicates this simple correlation between bacterial cell targeting and the presence of TagF. This system appears to target both bacteria and eukaryotic cells and does not possess a tagF gene (MacIntyre et al., 2010) .
At this point, we cannot exclude the assertion that TagF prevention of phosphorylation-independent T6S activation is static (structural) rather than dynamic (regulatory). For example, TagF may act simply as a barrier that prevents non-phosphorylated Fha1 or downstream H1-T6S-components from activating the H1-T6SS. One compelling argument against this model is that TagF appears in many T6SSs that lack Fha1, PpkA and PppA orthologues (Fig. S1) (Boyer et al., 2009) . This strongly suggests that phosphorylation-independent posttranslational activation mechanisms for T6S are likely to exist. In addition, this observation leads us to speculate that TagF-and TPPmediated activation converge downstream of Fha1. Another indication that TagF is part of a dynamic regulatory pathway derives from our comparison of Hcp1 and Tse1 secretion from P. aeruginosa strains with H1-T6S activity derepressed as the result of mutations in one versus both pathways. We observed Hcp1 secretion is enhanced equally by individual deletions in tagF and pppA, and that in combination the deletions do not display an additive effect on secretion of the protein. On the contrary, the absence of the negative regulators triggers Tse1 secretion to different extents and, in combination, the mutations display an additive effect on the export of this effector and on apparatus assembly. This latter result argues that TagF is not simply a downstream repressor of the TPP and suggests that inputs received from TagF and the TPP are used to tune effector export by the H1-T6SS.
The X-ray crystal structure of TagF was recently determined as part of a structural genomics effort (Fig. S3 ) (Filippova et al., 2007) . In the structure, TagF is found to associate as a homodimer with nearly identical monomers composed of a and b elements assembled as a three-layer sandwich (a-b-a). The TagF monomer is not closely related to other solved structures, however it bears some similarity to the N-terminal regulatory domain of the eukaryotic SNARE protein, Sec22b (DALI, r.m.s.d. = 3.3 Å over 87 residues; Z score = 3.9) (Fig. S4) (Rossi et al., 2004; Holm and Rosenstrom, 2010) . SNARE proteins mediate vesicle trafficking and membrane fusion; therefore, it is unlikely that direct functional parallels between TagF and Sec22b can be drawn. Nonetheless, the structures of Sec22b and TagF contain homology to the actin regulatory protein profilin (Krishnan and Moens, 2009 ). In particular, they share the surface used by profilin to bind poly-proline sequences. It is conceivable that TagF interacts with proline-rich proteins via this motif. Interestingly, Fha1 has an extensive proline-rich domain of unknown function (amino acids 173-294; 36% proline) located between its N-terminal FHA domain and its C-terminal domain that is phosphorylated by PpkA (Mougous et al., 2007) . So far we have not detected an interaction between these proteins. An important future direction will be to elucidate components of the TagF-mediated activation pathway by identifying TagF-interacting proteins.
Our finding that the H1-T6SS is activated by the TPP when P. aeruginosa is grown on a surface fits well with our current understanding of the environmental conditions physiologically relevant to T6SS function. It first became apparent that the system might be important to the sessile lifestyle of P. aeruginosa through circumstantial evidence, including the discovery that HSI-I is stringently coregulated with exopolysaccharides involved in cellular aggregation and adhesion to surfaces (Goodman et al., 2004; Mougous et al., 2006) . Later, interactions between bacteria mediated by the T6SS were shown to be exquisitely dependent on intimate cell contact -ameliorated entirely in liquid medium (Hood et al., 2010) . Perhaps the strongest evidence linking sessile physiology and T6S function is our recent finding that in the absence of T6SS-1, B. thailandensis is rapidly displaced from a flow-cell chamber by P. putida (Schwarz et al., 2010b) . One candidate signalling molecule that may directly or indirectly be responsible for TPP activation during surface growth is 3′,5′-cyclic diguanylate (c-di-GMP). This molecule is a secondary messenger that modulates the expression of traits important for the transition between sessile and planktonic lifestyles of certain bacteria, including P. aeruginosa (Hengge, 2009) . Direct regulation by c-di-GMP has been observed at both transcriptional and posttranslational levels (Hickman and Harwood, 2008; Boehm et al., 2010; Fang and Gomelsky, 2010; Paul et al., 2010) . Given the requirement for sessile growth in T6S function and the precedent for c-di-GMP acting as a posttranslational regulator, it is reasonable to speculate that this molecule might directly or indirectly be responsible for TPP activation during surface growth. Indeed, c-di-GMP-dependent regulation of T6S in P. aeruginosa was recently reported by Filloux and colleagues (Moscoso et al., 2011) . This study showed that c-di-GMP levels in P. aeruginosa DretS correlate to cellular Hcp1 levels; however the point(s) of regulation, such as the effect of c-di-GMP on secreted Hcp1 levels, was not determined.
Highly regulated triggering of effector export is likely to be a critical factor in the potency and efficiency of bacterial intercellular protein delivery machines. While the great majority of evidence for this claim derives from studies of the type III secretion system (Francis et al., 2002; Deane et al., 2010) , our work on posttranslational activation of the H1-T6SS suggests that it may be equally true in this system. Our data indicate that the products of at least eight HSI-I genes are involved in regulating the activation state of the H1-T6S apparatus. Seven of these are wholly dispensable for the function of the system, suggesting that they are dedicated regulatory proteins. The complexity of T6S regulation rivalling that of type III is not surprising when one considers the consequences of either system releasing effectors out of step with target cell interaction. Effectors from both systems lack the ability to reach their ultimate sites of action without target cell engagement; therefore, a failure to precisely spatially and temporally coordinate effector release is a complete loss of the metabolic investment in their synthesis.
Experimental procedures
Bacterial strains, plasmids and growth conditions
The sequenced P. aeruginosa strain, PAO1, was used for this study (Stover et al., 2000) . P. aeruginosa strains were grown in Luria-Bertani (LB) medium at 37°C supplemented with 30 mg ml -1 gentamicin, 300 mg ml -1 carbenicillin, 100 mg ml
tetracyclin, 25 mg ml -1 irgasan, 5% w/v sucrose, 0.2% w/v arabinose or 0.5 mM IPTG as required. Plasmids and strains used in this study are shown in Table S1 and primers used to for cloning are listed in Table S2 . Plasmids used for inducible expression in P. aeruginosa included pPSV35 (Fha1 and Fha1T362A complementation) and pPSV35-CV (complementation with TagF fused to C-terminal VSV-G tag) (Rietsch et al., 2005; Hsu et al., 2009) , pSW196 (ClpV1 complementation) (Baynham et al., 2006) , and pUC18-mini-Tn7 (lacZ20::PA0081, lacZ20::PA0082 yfp, cfp reporters) (Lambertsen et al., 2004; ). pPSV18 was used for constitutive expression of Tse2 and Tsi2. tse2 and tsi2 were cloned into pPSV35 using primers 591 and 743 and were subcloned into pPSV18 using restriction sites SacI and XbaI. Escherichia coli strains, DH5a and SM10, were used for plasmid maintenance and conjugal transfer and were grown at 37°C. P. aeruginosa strains were transformed with plasmids by electroporation or conjugation with E. coli SM10.
Chromosomal fusions and mutations in P. aeruginosa
Chromosomal fusions and in-frame deletions were generated by allelic replacement using the pEXG2 suicide plasmid (Rietsch et al., 2005; Mougous et al., 2006) . The sequences used for these constructs were made by splicing by overlap extension PCR and cloned into the 5′ XbaI and 3′ HindIII sites of pEXG2. The primers used for amplification were designed such that the first several codons were fused to the last several codons with an intervening sequence of 5′-TTCAGCATGCTTGCGGCTCGAGTT-3′. For tagQ, tagS, tagT, tagF, pppA tagF deletion constructs, upstream DNA flanking sequences were amplified using primer pairs 871/ 872, 471/472, 774/775, 291/292 and 291/292 respectively. Downstream flanking DNA sequences were amplified with primer pairs 873/874, 473/474, 776/777, 293/294 and 564/ 565 respectively. For the deletion of the accessory gene cluster (PA0070-PA0075 and PA0070-PA0076), flanking and overlapping primers were made for the 5′ and 3′ genes (Primers 873/874 and 60/1395 or 291/292) (Table S2) . Chromosomal VSV-G epitope tagged hcp1, tse1 and fha1 were also generated by splicing by overlap extension PCR and cloned into pEXG2 (Mougous et al., 2006; . The VSV-G sequence 5′-TATACAGATATTGAAATGAATAGAT TAGGAAAATGA-3′ was used to replace the stop codon of each gene. Upstream and downstream primer pairs used to generate tse1-VSV-G were 596/597 and 598/599. Strains harbouring clpV1-gfp chromosomal fusions were generated as described previously (Mougous et al., 2007) . The pUC18-mini-Tn7 and pSW196 derivatives were transformed into P. aeruginosa by conjugation. All chromosomal mutations were confirmed through PCR analysis.
b-Galactosidase assay
A chromosomal insertion vector carrying a fusion of lacZ to the fha1 or tssA1 promoters, pUC18-mini-Tn7-lacZ20-Gm::PA0081 and pUC18-mini-Tn7-lacZ20-Gm::PA0082, respectively, were used to generate all strains for analysis. The sequences used for these fusions contained the promoter of each indicated strain, the 5′ leader sequence and the first several coding nucleotides ). The plasmids were introduced into P. aeruginosa by four parental mating conjugation or electroporation (Choi and Schweizer, 2006) . The vector backbones were not removed, except for strains MLS 1526 and MLS 2715. Overnight cultures were diluted 1:1000 in LB with 50 mM MOPS pH 7 and grown to mid-log phase. Cells were permeabilized with chloroform (15% chloroform) and assayed using the Tropix GalaconPlus ® reagents (Tropix, Bedford, MA, USA). Luminescence was measured by using a GENios Pro-Basic microplate reader (Tecan Group Ltd, Mannedorf, Switzerland). Values were normalized to the optical density at 600 nm for each strain. All b-galactosidase assays were performed in triplicate. Statistical significance was determined using a one-way analysis of variance (ANOVA) and Tukey's post hoc test.
Preparation of proteins and Western blotting
Protein samples from liquid grown cultures were prepared as previously described (Hsu et al., 2009) . Specifically, overnight cultures of P. aeruginosa were used to inoculate 2 ml of LB (1:1000) supplemented with appropriate additives. Cultures were grown at 37°C with shaking at 250 r.p.m. Samples were harvested at mid-log phase by centrifugation at 9000 r.p.m. for 3 min and 1.3 ml of the supernatant was centrifuged a second time to remove contaminating bacterial cells. After this second step, 1 ml of the supernatant fractions was treated with 110 ml 100% w/v Trichloroacetic acid (final concentration of 10%). To collect precipitated proteins, the samples were centrifuged for 30 min at 13 500 r.p.m. Supernatants were removed and the protein pellets were washed with 1 ml of 100% acetone and centrifuged at 4°C for 15 min at 13 500 r.p.m. The protein pellets were resuspended in 20 ml of SDS-PAGE sample loading buffer. To isolate cell-associated protein samples, the cell pellets were resuspended in 100 ml of Buffer 1 (0.5 M NaCl, 50 mM Tris pH 7.5 and 10% glycerol) and mixed 1:2 with SDS-PAGE sample loading buffer. The secreted and cellassociated protein samples were analysed by Western blot-ting as previously described (Mougous et al., 2006) using rabbit a-VSV-G (1:5000, Sigma) or rabbit a-Fha1 (diluted 1:5000) and detected with a-rabbit horseradish peroxidaseconjugated secondary antibodies (Sigma). Mouse a-GFP (1:1000, Roche) or mouse a-RNA polymerase b-subunit antibody (1:2000, Neoclone) and a-mouse horseradish peroxidase-conjugated antibodies (Sigma) were used to detect ClpV1-GFP or RNAP. Western blots were developed using chemiluminescent substrate (SuperSignal West Pico Substrate, Thermo Scientific) and imaged with a FluorChemQ (ProteinSimple).
For surface grown strains, overnight cultures were diluted 1:100 in LB and 3 ml of this dilution was spotted onto a 0.2 mM polycarbonate membrane placed on onto LB agar. After approximately 4 h of growth at 37°C the cells were resuspended by placing the filter in 2 ml of LB and incubating at 37°C with shaking (250 r.p.m.) for 5 min. Cell and supernatant samples were then collected as described above.
Densitometry was performed using AlphaView ® Q software (ProteinSimple). The percentage of phosphorylated Fha1 was determined by measure band intensity of phosphorylated and total Fha1 from three independent experiments. The values were normalized to DppkA, which was set at 0% p-Fha1.
Preparation of supernatant protein samples for quantitative analysis
Supernatant samples analysed for Tse1 and Hcp1 in the DpppA DtagF backgrounds were prepared using a filter based method. A total of 4 ml were grown for each strain (2 ml per tube) and were harvested by centrifugation in a 15 ml Falcon tube (Becton Dickinson) at 4000 r.p.m. in a swing bucket rotor for 5 min. The supernatants were filtered through a 0.2 mM Supor ® Membrane (Pall Life Sciences) into two 2 ml microcentrifuge tubes containing 250 ml of 100% w/v Trichloroacetic acid. The precipitation and acetone wash were carried out as described in the previous section. Washed samples were then resuspended in 50 ml of SDS-PAGE sample loading buffer. Densitometry was performed using AlphaView ® Q software (ProteinSimple). Statistical significance was determined using ANOVA and Tukey's post hoc test.
Fluorescence microscopy
Pseudomonas aeruginosa strains were cultured in an identical manner as described for protein sample preparations. All samples were harvested at mid-log phase by centrifuging at 7000 r.p.m. and resuspending the pellet to an optical density (600 nm) of 5 with PBS supplemented with 0.5 mM TMA-DPH, for membrane staining. Three microlitres of the mixture was spotted onto a 1% PBS agarose pad. All images were acquired with the same exposure settings on a Nicon 80i microscope with a 100 ¥ PlanAprochromat objective (numerical aperature 1.4) and Chroma Technology Corp. filter sets. Images were recorded using a CoolSnap HQ camera (Photometerics). DAPI and GFP were used for imaging TMA-DPH and ClpV1-GFP respectively. MetaMorph 6.3r2 software was used (Hsu et al., 2009) . Three randomly selected frames containing 200 Յ N Յ 700 cells were chosen for the analysis of GFP foci. Statistical significance was determined using ANOVA and Tukey's post hoc test.
Interbacterial growth competition assays and quantification
Overnight cultures were mixed at a 1:1 ratio to a total density of approximately 1.0 ¥ 10 8 cfu ml -1 in 1 ml LB medium. In each experiment the donor and recipient strain contained constitutively expressing yellow fluorescent protein (YFP) or cyan fluorescent protein (CFP) respectively. To construct these strains the mini-Tn7 system, pUCP18-mini-Tn7 containing yfp or cfp, was inserted on the PAO1 chromosome at the neutral phage attachment site, attB, downstream of the glmS (Lambertsen et al., 2004) . The plasmids were introduced into P. aeruginosa via four-parental mating conjugation or electroporation (Choi and Schweizer, 2006) . The vector backbones were not removed. For our assays, overexpression of Tse2 and Tsi2 in the donor strain was required for the H1-T6S-dependent fitness advantage. Donor strains harboured pPSV18::PA2702 PA2703 for constitutive expression of Tse2 and Tsi2. Recipient strains harboured the empty vector, pPSV18 . Competitions were grown on 0.2 mM polycarbonate membranes on LB agar for 18 h at 37°C, or in 2 ml of LB with shaking. Cells were resuspended in LB medium and spotted onto 1.0% agarose PBS pads and imaged as described above for FM. YFP and CFP filters were used to image the two cell populations. Assays were performed in triplicate. Three fields containing 100 to 200 cells were imaged for each competition. To determine the competitive index (the number of YFP positive cells to CFP positive cells) MetaMorph ® computer-assisted morphometry based on area was used. Thresholds were set identically for each image generated using YFP and CFP filters. The areas of the thresholded regions were calculated using MetaMorph ® software and the ratios of YFP and CFP labelled cells were calculated. Statistical significance was determined using ANOVA and Tukey's post hoc test. Grubbs' test was used to detect outlier data points.
Generation of TagF structure images
PyMOL was used to generate molecular graphic images (http://www.pymol.org) (Schrodinger, 2010) . The TagF (PA0076) X-ray crystal structure (Protein Data Bank, http:// www.rcsb.org accession code 2QNU) was solved by the Midwest centre for structural genomics (Filippova et al., 2007) . Structural superpositions were determined by DALI (Holm and Rosenstrom, 2010) .
